and SrCoO 3 phases, but through the strategic design and placement of Co and Ti ions throughout a digital superlattice. In this work, we create and investigate the oxygen coordination environment of Co and the electronic structures of Sr(Co,Ti)O x artificial crystals, whereby we interweave the SrCoO 2.5 lattice with a single layer of SrTiO 3 , as shown schematically in Fig. 1(a) . Specifically, we examine (SrCoO x ) n : (SrTiO 3 ) 1 (n = 1, 2) superlattices (SLs), as illustrated in Figs. 1(b) and 1(c) for the 1:1 SL and the 2:1 SL, respectively. The results are compared with a 50:50 solid solution of Sr(Co,Ti)O x . We find that the spatial order of Co and Ti cations determines the resulting oxidation state, with the 1:1 superlattice resulting in Co 3.5+ and the 2:1 superlattice and the 50:50 alloy both resulting in Co 3.25+ . This study demonstrates a new strategy for tuning the oxidation state of a multivalent B-site cation through the design and synthesis of short-period superlattices.
The superlattices were synthesized by ozone-assisted molecular beam epitaxy (MBE) in a chamber located at Sector 33ID-E of the Advanced Photon Source (APS). All films were deposited on conducting 0.05 wt. % (0.1 at. %) Nb-doped SrTiO 3 (0 0 1) substrates (to prevent charging in subsequent soft X-ray measurements), prepared with TiO 2 -terminated surfaces using the procedure described in Ref. 28 . After performing growths in a range of conditions, from 550 • C to 750 • C and in different oxidizing environments, we found that the optimal conditions for synthesis were at 610 • C in 1 × 10 6 Torr ozone, which resulted in sharp heterointerfaces, good crystallinity, and minimal secondary phase formation. Consequently, all of the results presented are from films grown under these conditions after cooling to room temperature in the same ozone pressure at ∼10 • C/min to prevent oxygen loss. The thicknesses of the individual SrTiO 3 and SrCoO 2.5 layers were calibrated immediately prior to superlattice deposition. Fifteen repeat units were grown by shuttered deposition for the superlattices, corresponding to 30 monolayers or ∼11 nm for the n = 1 superlattice (1:1 SL) and 45 monolayers or ∼17 nm for the n = 2 superlattice (2:1 SL). For comparison, we also grew a 11-nm-thick alloy of Sr(Co 0.5 ,Ti 0.5 )O x (50:50 alloy), where Co and Ti were co-deposited, and a 6-nm-thick BM-SCO thin film. All subsequent measurements were performed at room temperature, as detailed in the experimental section (see the supplementary material). Figure 2 shows the scattered intensities measured along the specular 00L rod for the BM-SCO and the SCO-STO thin films taken with 8-keV X-rays immediately after cooling the thin films to room temperature. Superlattice peaks are clearly observed for the 1:1 and 2:1 SLs despite the similarity in the Co and Ti atomic numbers, indicating the presence of fairly well-ordered interfaces. Halforder peaks characteristic of the brownmillerite structure are observed for the BM-SCO thin film, while much weaker half-order peaks are seen for the 1:1 SL. The weaker intensities indicate that the 1:1 SL adopts a more perovskite-like structure in which the SrO layers separating the Co and Ti layers are spaced more evenly apart compared to the brownmillerite structure, in which the SrO interlayer distances separating the octahedral CoO 6 and tetrahedral CoO 4 layers differ by 0.87 Å. 24 The 2:1 SL shows the expected 1/3-order superlattice peaks, while the 50:50 alloy shows an absence of any superlattice peaks. In the case of the 1:1 SL and the 50:50 alloy, a small peak corresponding to CoO (2 0 0) is observed at L = 1.8 reciprocal lattice units (r.l.u.), together with precipitates in atomic force microscopy (AFM) images ( of a small amount of CoO in the films (<1.4 vol. %), which, as discussed below, was investigated in more detail using soft X-ray spectroscopy performed at Sector 4ID-C of the APS.
To determine the oxygen coordination environment of Ti in the cobaltite-titanate films, results from Ti 2p X-ray photoelectron spectroscopy (XPS) and Ti L-edge X-ray absorption spectroscopy (XAS) were compared with those from a bare 0.05 wt. % (0.1 at. %) Nb-doped SrTiO 3 substrate (Nb:STO). The Ti 2p core-level XPS spectra of the cobaltite-titanate films were fit using the same Gaussian-Lorentzian peak shapes used for the Nb:STO Ti 2p XPS spectrum, as shown in Fig. 3(a) . The good agreement of the fits indicates negligible Ti 3+ states within the 3.7 nm 95% probe depth. 29 This observation is consistent with the Ti L 3,2 -edge X-ray absorption spectra of the cobaltite-titanate films shown in Fig. 3(b) , which are characteristic of Ti 4+ subject to an octahedral crystal field. 30 A close comparison of the Ti L 3,2 -edge line shapes shows that the cobaltite-titanate films contain extra spectral weight between the t 2g and e g manifolds compared to the Nb:STO Ti L-edge spectrum (see The corresponding Ti L 3,2 -edge X-ray absorption spectra. spectrum to disorder-induced peak broadening caused by the presence of Ti-O-Co bonds in addition to the Ti-O-Ti bonds. No extra intensity was observed at ∼457 eV for any of these films, which would otherwise appear in the presence of Ti 3+ . 31, 32 We thus confirm that virtually all Ti ions in the cobaltitetitanate films maintain the Ti 4+ oxidation state within an octahedral coordination environment, which in turn indicates that oxygen vacancies in the films are confined to the first coordination shell of Co.
Given the persistent Ti 4+ O 6 octahedra and the corresponding localization of oxygen vacancies around Co, XAS was performed at the Co L 3,2 edge to probe simultaneously the oxygen coordination environment and oxidation state of the Co ions. After first accounting for the small CoO contribution (see Fig. S3 of the supplementary material), each spectrum was assigned to mixed Co 3+ /Co 4+ contribution intrinsic to the respective cobaltite-titanate film arising from a mixture of square pyramidal CoO 5 and octahedral CoO 6 units. There exist clear chemical shifts of the sharp L 3 peak corresponding to the Co 3+ /Co 4+ contribution, as shown in the inset of Fig. 4(a) . Comparison with reference spectra Fig. 4(b) . The 1:1 SL, containing the same Co/Ti ratio as the 50:50 alloy, exhibits a Co oxidation state of +3.5. Interestingly, the random alloy exhibits a lower Co oxidation state of +3.25. However, the 2:1 SL, with twice the Co/Ti ratio as the 50:50 alloy, also displays a Co oxidation state of +3.25.
We calculated the average oxygen coordination of the Co atoms and the corresponding oxygen stoichiometry in the cobaltite-titanate thin films by considering the Co oxidation state, which is effectively a measure of the Co valence, as the sum of the nominal bond valences of the three types of bonds surrounding the Co atom, Co-O-Co, Co-V O -Co, and Co-O-Ti, where V O denotes a vacant oxygen site (see Table S1 of the supplementary material). This reveals stoichiometries of (SrCoO 2.76 ) 1 We also note that while ferromagnetic order has been observed in SrCoO 2.75 thin films with Co 3.5+ , 14 X-ray magnetic circular dichroism (XMCD) measurements performed at 40 K in a 0.5 T field did not provide conclusive evidence for such behavior in any of the superlattices or the 50:50 alloy (see Fig. S4 of the supplementary material). While this may be due to the proximity of Co and Ti cations, further studies on (SrCoO x ) n : (SrTiO 3 ) 1 superlattices will be necessary.
To investigate how the electronic structure of the cobaltite-titanate films evolves from the characteristic properties of STO and BM-SCO, we performed resonant photoemission spectroscopy (RESPES) at the Ti 2p-3d and Co 2p-3d thresholds to distinguish the occupied element-projected and orbital 3d partial density of states in the valence band. Figure 5(b) shows the Ti 2p-3d valence band spectra for the 1:1 SL obtained with photon energies (A)-(E) marked in Fig. 5(a) . Photon energies corresponding to similar features in the Ti L 3,2 XAS spectrum were chosen for the Ti 2p-3d valence band spectra of the 2:1 SL and 50:50 alloy, shown in Figs. 5(c) and 5(d), respectively. Comparison of the off-resonance spectrum (A) with on-resonance spectra (B)-(E) indicates that the resonant enhancement of the valence band spectra is limited to the states around 4.4 eV and 6.4 eV binding energies, which contain contributions from the non-bonding and bonding Ti 3d-O 2p states in SrTiO 3 , respectively. 33, 34 The states peaked at 2.5 eV at the top of the valence band show negligible enhancement in intensity, which confirms that the top of the valence band is predominantly composed of Co 3d-O 2p states. This is consistent with the observed minimal enhancement of states in the gap at the Ti 2p-3d resonance.
Figure 5(f) shows the Co 2p-3d valence band spectra for the 1:1 SL obtained with the photon energies (A)-(E) marked in Fig. 5(e) . Photon energies corresponding to similar features in the Co L 3,2 XAS spectrum were chosen for the Co 2p-3d valence band RESPES of the 2:1 SL and 50:50 alloy, shown in Figs. 5(g) and 5(h), respectively. In contrast to the Ti 2p-3d valence band spectra, resonant enhancement in the intensity is observed throughout the entirety of the valence band region, confirming the presence of Co 3d states that extend into the bandgap region of SrTiO 3 . In addition, a clear Fermi-edge step is observed at strong Co 2p-3d resonance (D), indicating small contributions of defect states with significant Co 3d character within the gap. The Fermi levels of the cobaltitetitanate thin films were determined by fitting the Fermi-edge steps apparent at strong Co 2p-3d resonance (dashed lines). This allowed the determination of the valence band maximum (VBM) of each film by extrapolating the linear portion of the valence band edge to the background from the off-resonance valence band XPS spectra taken with photon energies of 772 eV and 1000 eV for the cobaltite-titanate thin films and the Nb:STO sample, respectively, as shown in Fig. 6 . The valence band As an internal check, we also considered the valence band spectrum of the Nb:STO substrate, taken with 1000 eV photon energy, which was aligned in the binding energy scale using the Sr 4s and O 2s core-level peaks at 19.3 eV and 21.8 eV binding energies, respectively (see Fig. S5 of the supplementary material). This procedure yields a VBM of 2.9 eV for the Nb:STO that is located just below the conduction band of SrTiO 3 , as shown in Fig. 6 , in line with the value for n-type SrTiO 3 reported by Chambers and co-workers. 35 Furthermore, the alignment of the spectral features at 4.4 eV and 6.4 eV binding energies corresponding to the non-bonding and bonding Ti 3d-O 2p states of the Nb:STO with those of the cobaltite-titanate films indicates that the Fermi levels in the cobaltite-titanate films coincide with the Fermi level in Nb:STO. This is consistent with our picture of a variable Co oxidation state as the Co valence derived from the corresponding oxygen stoichiometry rather than electronic holes combined with SrTi In summary, we find that the oxygen vacancy concentration, the Co oxidation state, and the resulting valence band maximum of the material can be tuned geometrically, i.e., through atomiclevel manipulation of the Co and Ti nearest neighbors throughout an oxide crystal. Furthermore, we demonstrate control over the spatial arrangement of oxygen vacancies in an oxide crystal, which we and others have shown to be useful in modulating electronic, magnetic, and catalytic behaviors. [36] [37] [38] [39] By employing different arrangements of CoO x and TiO 2 layers under the same epitaxial strain and growth conditions, the Co oxidation state can be raised from the nominal +3 found in brownmillerite SrCoO 2.5 to +3.25 and +3.5 in (SrCoO 2.64 ) 2 : (SrTiO 3 ) 1 and (SrCoO 2.76 ) 1 : (SrTiO 3 ) 1 superlattices, respectively. The results illustrate how interface engineering can be combined with defect control to achieve novel properties in complex oxides.
See supplementary material for the details of the experimental methods, AFM micrographs, and additional information regarding the Co L-edge XAS spectra, determination of the oxygen stoichiometries, XMCD results, and the valence band XPS spectra. 
